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INTRODUCTION
Photon beams radiated from the source interact with the atoms of the material in the media between the source and the detector before they are measured. Since they are uncharged particles, detection is only possible by measuring the secondary electrons created by the interactions with the photons in the material as they transfer all or part of their energy to the electrons in the material. Because the mean free paths of the electron and positron in the detector is very small, typically of the order of mm, all the charged particles, including the photoelectrons produced in the detector, can be assumed to transfer all their energy to the detector at the typical energy of radioisotope sources, and thus contribute to the energy absorption spectra. If all the photons are absorbed and nothing escapes from the detector, then the measured energy absorption spectrum should be exactly equal to the one of the photons that arrives at the detector.
However, photons entering the detector with low energies, even less than 100 keV where the photoelectric reaction is dominant, may interact with the detector by Compton scattering and transfer part of their energies to the electrons and escape from the detector carrying the remaining energies. Some of them may pass through the detector without transferring any of their energy to the material. For photons above 1,022 keV, pair production becomes apparent and prevailing over the other reactions as the incident energy increases. The positrons produced in this process may combine with the electrons in the materials and annihilate them by replacing two photons with the same energy but moving in opposite directions. Parts of the produced photons may escape from the detector before they transfer all the kinetic energy to the detecting material. Thus, the pulse height distribution measured by the detector is entirely different from that of the incident photons over the whole range of photon energies. 1, 2, 3, 4, 5, 6) No matter how good the detector one might use is, it is impossible to obtain the energy spectrum of the incident photons, (called the real spectrum hereafter), directly from the experimentally measured ones. Nevertheless, the real spectrum is very important for the measurement of radiation quantities in the field of dosimetry. It is essential to obtain the physical constants that are crucial in determining the air kerma rates for gamma-ray 7, 8, 9) and X-ray 10, 11) , including the mass-energy absorption coefficient ratio and the stopping power ratio for gamma-ray, and electron loss and scattered radiation for X-ray. These physical constants cannot be obtained directly by experimental measurement. However, they can be obtained by theoretical calculation using a computer simulation in which all the characteristics of the detecting materials and the measurement system are considered as thoroughly as possible. 12) One of the most powerful theoretical tools currently being used worldwide is a simulation using EGS4 (Electron Gamma Shower version 4) code. 13) With this code, we can calculate the energy distribution imparted to the material in the detector from the incident photon and electron beam, with kinetic energy ranging from a few keV to hundreds of GeV.
The absorbed energy pulse height distributions calculated at many different incident energy values are compared with the experimentally measured pulse height distribution using an interpolation method to obtain the normalization ratio, which is applied to the calculated pulse height distribution for the normalization to the count of a bin at the highest energy of the measured one. Measured pulse height distribution consists of N values of energy bin of n i ( i = 1,···, N ) counts for each bin, starting from the highest energy bin and going to the lowest energy bin. By dividing the count of a bin of the highest energy E N by the full energy absorption efficiency, the unfolded count for the bin of the energy E N is obtained. This unfolded count is a number of photons that arrived at the surface of a detector with the incident energy E N . In order to obtain the pulse height distribution due to the incident photons with the energy E N , the count of each energy bin in the theoretically calculated pulse height distribution should be multiplied by the same normalization ratio. This count of each bin in the normalized pulse height distribution should be subtracted from the count of each corresponding bin in the measured pulse height distribution. The remaining measured pulse height distribution is then made up of the pulse height distributions caused by the photons of which energies are from E N-1 = E N -∆ E to the lowest energy, where ∆ E is the energy difference between the bins. The unfolded count of the next highest energy bin is obtained by replacing the highest energy E N by E N-1 , the full energy absorption efficiency for the energy E N by that for E N-1 , and doing the same calculation. By repeating this process down to the lowest energy bin, we can deduce the whole energy distribution of the incident photons that arrived at the front surface of a detector. This process is a kind of unfolding technique of the measured pulse height distribution.
The main object of this paper is to introduce a useful method of obtaining the real spectrum with computer simulation using the EGS4 code that has been preliminarily studied in other paper. 6) By applying Monte Carlo simulation of the real spectrum to the graphite ionization chamber for gamma-ray or free air ionization chamber for medium and low energy X-ray, one can estimate the physical constants with better uncertainty than those previously reported. 14, 15) This is a worthy application considering the recent theoretical approach to the estimation of not only the physical constants but also some of the correction factors which used to be determined experimentally only. 16, 17, 18) To investigate the feasibility of the simulation, the pulse height distributions measured using an HPGe (high purity Ge) detector for incident photons with a collimator are compared with those calculated using the EGS4 code. The radiation sources used for the investigation of feasibility are 60 Co, 137 Cs, 152 Eu and 207 Bi. Because the SDD (source to detector distance) changes the solid angle and the relative geometry, especially at a short distance, the energy absorption spectrum may change significantly. The pulse height distributions measured at SDD = 10, 30 and 50 cm with 60 Co and 137 Cs in the open space, and SDD = 100 cm with the sources inside the irradiators were unfolded to find the real spectra that arrived at the front surface of the detector. The procedures and results of the unfolding of the measured pulse height distributions with the estimation of uncertainties by the theoretical calculations are presented in this paper.
MATERIAL AND METHOD: EXPERIMENTAL SETUP AND DATA ACQUISITION
The pulse height distributions for the several sources were measured using an HPGe photon detector. The HPGe detector is a high-count rate detector that can accept more than 10,000 photons per second and has a high resolution of about 1.85 keV FWHM (full width half maximum) for 1,332 keV gamma-ray of 60 Co and 628 eV for 5.9 keV of 55 Fe. The Ge crystal is a cylindrical shape 4.98 cm in diameter and 4.73 cm long. Its side is wrapped in 0.5 mm thick aluminum foil and the front side is covered by a 0.5 mm thick Be window and 0.05 mm thick mylar foil. This crystal detector was mounted inside a cylindrical aluminum vacuum capsule of 1.3 mm thick. The dead time of the detector was maintained below 15% during the measurement. Measurement time intervals were determined by keeping the total count of the measured events in excess of 10 6 . The measurement time varied from 1,000 to 6,000 seconds depending on the activity of the source during the experiment. The alignment between the center of the detectors front surface and the radiation source was made using a laser mounted on the back wall of the laboratory. The data were collected using a digital gamma-ray spectrometer DSPEC PLUS and analyzed using the software package Gamma Vision 32.
A collimator was designed to reduce the effect of the scattered photons from the surrounding walls and detecting equipments. It consists of a cylindrical pipe 8 cm in diameter and 5 mm thick that contains a number of lead disks. Each lead disk is 8 cm in diameter and 1 cm thick and has a hole 3 mm in diameter at the center so that only the primary beam from the source and some of the secondary beam scattered at the lead disks are allowed to arrive at the detector. Acrylic spacers placed between the lead disks are used to change the distance between the source and the front face of the collimator by up to 30 cm, depending on the activity of the source. The spacer is an annulus with an inner diameter of 5 cm and an outer diameter 8 cm. The schematic diagram of the collimator and experimental set up is given in Fig. 1 Eu and 207 Bi. The SDDs for these sources were determined by the number of lead disks in the collimator according to the activities of the sources in order to have the total count of the measured events more than 10 6 within the measurement time not exceeding 6,000 seconds.
The pulse height distributions for 60 Co and 137 Cs were measured by changing SDD from 10 cm to 50 cm in the open space where the detector was apart from the sources in the free air, and were unfolded. The sources were mounted on a plastic panel and placed 100 cm high from the top plate of a moving cart in order to change SDD.
The pulse height distribution was measured at SDD = 100 cm for the 60 Co dummy source located at the inside of the irradiator and unfolded. The irradiator is a radiation unit that contains one or more radioisotopes and produces radiation fields. It is usually built with the depleted uranium and lead walls to minimize radiation leakage from the source. A detailed diagram of 60 Co irradiator head (AECL Eldorado 8 Therapy Unit) is given in Fig. 2 . We mounted a 60 Co dummy source in place of a visible light-beam diaphragm inside the irradiator, which is used for the alignment of radiation field, and measured the pulse height distribution coming out of the irradiator. A dummy source is a radioisotope that has activity of the order of 10 7 Bq, however, it is sufficient for the HPGe detector to measure an energy absorption spectrum. The container including the dummy source has the same material and shape as those of the main source in the irradiator. Also, the same measurement procedure was done to obtain the pulse height distribution of 137 Cs using its dummy source in 137 Cs irradiator.
RESPONSE FUNCTIONS CALCULATION USING MONTE CARLO SIMULATION WITH THE EGS4 CODE
When the gamma-ray and electron emitted from the source travel through the media in the detector they collide with surrounding materials and ionize them through photoabsorption or Compton scattering and produce electrons, photons, or positrons in cases where the photon energy is higher than 1,022 keV. When the kinetic energy of the incident photons are lower than 140 keV in the Ge detector, photoelectric absorption reaction is most predominant, while Compton scattering is the most predominant interaction between 150 keV and a few MeV, which are the energy ranges of typical radioisotope sources. The kinetic energies of scattered photons and recoiled electrons by Compton scattering are dependent on the incident photons energy and the scattering angle of the photon. The level of kinetic energy can be obtained from the scattering angle by using the equations of conservation of energy and momentum. The EGS4 code uses Klein-Nishina formula and calculates the scattering cross section between the incident photon and the electrons in the medium and predicts the next kinematics using random numbers. The pulse height distributions caused by several physical phenomena such as energy absorption, backward scattered photons, and penetrated photons or electrons, can be obtained from theoretical calculation using simulation to make a good comparison with the experimentally measured ones. The EGS4 code tracks all the produced particles with incident particles along the trajectories until the kinetic energy of the particle becomes lower than the cutoff energy. 13) In the calculations, the cutoff energy was set to 1 keV for photons, and 10 keV for electrons and positrons. All the particles with kinetic energy lower than the cutoff energy were assumed to transfer all their kinetic energy to the media and to have been converted to electrical signal. As the beam was not parallel for small SDDs, the directions of the incident photons were chosen randomly along the radial direction so that the photons hit the surface of the detector almost uniformly. No two incident photons were assumed to follow the same trajectory. To obtain a good statistical result, three million incident photons at each energy step with 200 batches, and a 1 keV bin were used. All the information regarding the radiation sources, the detecting unit and the surrounding conditions of the measurement system were put into the calculation. The input values of the kinetic energy and the relative weight of the incident photons for the simulations are given in Table 1 .
For both the investigation of the feasibility of the simulation method and the unfolding of the measured energy absorption spectrum, the first thing to do is to calculate the response functions of the HPGe detector for the incident photons using the EGS4 code. In the feasibility check, this calculation was done for the incident photons with a collimator. The calculated count of a full energy absorption peak was normalized to the measured count of the corresponding energy peak.[ Fig. 3 ] The hole in the collimator was made small enough to assume that most of the particles detected at the HPGe detector were the primary photons and photons scattered at the collimator.
The response functions of the HPGe detector at each SDD were calculated for the incident photons entering the detector with kinetic energies from 20 keV up to 1,400 keV in 10 keV steps for the unfolding of the measured pulse height distributions.[ Fig. 4 ] Consequently, 139 data files for response functions in each SDD were produced. From these data files, response functions and a peak detecting efficiency that absorbs the full energy of the incident photons for the incident photons of any kinetic energy between 20 keV and 1,400 keV could be obtained using the interpolation method without further simulations for the same SDD and detector. The results were smoothed using a Gaussian distribution function with a FWHM (full width half maximum) of keV to fit the measured peaks, except for the highest energy peak which was used for the normalization of the calculated spectrum by equalizing the number of counts to the measured one of the same energy peak, where E is a kinetic energy of an incident photon expressed in keV. Detailed descriptions of these processes are given below.
UNFODLING PROCEDURE OF THE MEASURED PULSE HEIGHT DISTRIBUTION
In unfolding the measured pulse height distributions for the incident photons with energies less than 1,400 keV, the simulated pulse height distribution should be obtained for the incident photons with any energy lower than 1,400 keV. This may be obtained from the previously calculated response functions using an interpolation method. For example, assume that the incident photons that arrive at the front surface of the detector have the kinetic energy of 1,332 keV. As the two neighboring energies are 1,340 and 1,330 keV among the previously calculated data files, the two response functions for these incident energies at the same SDD should be used. First, these two response functions having 1,340 and 1,330 bins should be re-arranged to have 1,332 bins keeping the total counts of each function unchanged. Then the simulated pulse height distribution for the whole energy range from E = 1,332 keV to E = 1 keV can be obtained by the following equation, (1) where and are the pulse heights of the n th bins from the highest energy bins of the previously calculated response functions with incident energy of 1,340 keV and 1,330 keV respectively. The numerical values in the parentheses of functions f 1 and f 2 are absorbed energies in keV, which correspond to those of the n th bins. In case the numerical value is non-integer, interpolation method is used with the two adjacent integers to obtain the pulse height of the n th bin of f 1 or f 2 . a 1 = 0.2 and a 2 = 0.8 are the relative weights for the response functions of 1,340 and 1,330 keV incident photons respectively. The unfolded count at the highest energy bin E N = 1332 keV is considered to be given by (2) where f unfolded ( E ) is the real count of the photons that arrive at the surface of the detector with E , e ( E ) is a peak detecting efficiency with an absorbed energy E , f measured ( E ) is a measured count of a bin with , E and N is a total number of bins and also indicates the highest energy bin number.[ Fig. 5 ] The simulated pulse height distribution is then normalized to the measured one at the peak of the highest energy E N to find the . , is the simulated count of a bin with an absorbed energy Ei for one thousand incident photons with energy Ej, and the counts of each energy bin of the simulated pulse height distribution should be multiplied by a ratio rN. Then the pulse height distribution adjusted in this way represents the portion contributed by the incident photons of EN. Subtracting this portion from the measured pulse height distribution, the remaining one is sum of the contribution of the incident photons with Fig. 3 . Graphs of measured energy pulse height distributions with a collimator versus theoretically calculated ones at SDD = 6.7 cm, 9 cm and 30 cm for each source in the open space. As the count of main peak in each calculated pulse height distribution is normalized to the measured one, the counts in each bin of the main peaks, both measured and calculated, may be different. However, the total counts of the main peaks for both pulse height distributions are same. In figure (d) , the peak at around 1,633 keV is believed to be a sum peak of the 1,063.7 keV and 569.7 keV peaks. The peak around 1,250 keV seems to be appeared by single photon escape of the annihilation photons caused by the incident photons of 1,770 keV. The peak at E = 1,450 keV is due to the gamma-ray from 40 K, which was included in a plaster painted on the surrounding wall. 
Once it's done from i = 1 to i = N, the next step is to lower the energy of the incident photons to EN-1, and thus replace N with N -1 and fmeasured with fremaining to obtain the simulated pulse height distribution for the incident photons of EN1 from the previously calculated data files. The normalization ratio for the next highest energy bin with EN-1 is then rN-1 = and the unfolded count at energy EN-1 can be obtained from the equations (2) and (3), respectively, by replacing E N with EN-1 and fmeasured with fremaining. By repeating this process starting from the highest energy to the lowest energy that contributed to the measured pulse height distribution, we can complete unfolding of the measured pulse height distribution. Then the unfolded count at the absorbed energy Ei of i th bin is given by (4) and 
where r j is a normalization ratio for the j th bin. In this unfolding process, the counts of some bins may be negative due to the fluctuations of the experimental data. Whenever the negative value bin appears, the counts of the neighboring bins should be redistributed to avoid the unreasonable situation. This problem can be solved by replacing the negative value to zero and bringing the corresponding contribution from the neighboring bins with the weight of Gaussian distribution according to the energy difference from the bin of a negative value. The FWHM used in this calculation is 2 keV, the mean value of FWHM keV of Gaussian distribution functions used to smooth the calculated response functions described in the section V. Thus, there is no bin with negative count in the newly adjusted pulse height distribution. However, the fluctuations in the measured data, whether they make the count of bin negative or not, cause deviations in the normalization ratios and bring forth errors in the unfolded spectrum. The calculated statistical uncertainties are 0.2% and 0.3% for e(Ei) and , res- (C) To unfold the measured peak, a count of the highest energy bin is divided by the full energy absorption efficiency. This unfolded count is a number of photons that arrived at the surface of a detector. (D) The remained pulse height distribution after the counts of each bins of simulated spectrum are subtracted from the measured one. For unfolding the next bin, the remained spectrum replaces the measured spectrum of (A) by changing Emax = Emax -∆E, where ∆E is an energy difference between the neighboring bins, and repeat these processes until Emax is lower than 1 keV. pectively. Then the uncertainty estimated by the following equation which is derived from equation (4) using the propagation of errors 1, 19) is,
Since ∆e(Ei) and are independent of rj and Drj, the first and the second terms can be calculated directly from and fmeasured(Ei), and be considered as constants with respect to either rj or ∆rj. After letting the sum of these two terms be Ci, the mean value of ∆funfolded(Ei) 2 become (7) where, and is a mean normalization ratio for the j th a bin. The covariance term of in equation (7) can be calculated from equation (5). The results for the relative uncertainties, , for the unfolded spectra are given in the section VII.B.
RESULTS AND DISCUSSION

Investigation of Feasibility of Calculated Results
To investigate the feasibility of the simulation method, the pulse height distributions of the HPGe detector for incident photons with a collimator were calculated using the EGS4 code and they are compared with the experimentally measured ones in Fig. 3 . As the count of a main peak in each calculated pulse height distribution is normalized to the measured one, the count in each bin of a main peak may be different. However, the total counts of the main peaks in the measured pulse height distribution and the calculated one of each graph are same. The Gaussian distribution, rather than a single value at each bin, was adopted in the calculation to fit the peak to the measured pulse height distribution.
In the calculation of a pulse height distribution from 60 Co at SDD = 10 cm, photons of 1,173 keV and 1,332 keV with a weight of 0.9986 and 0.9998 were used as incident particles.[ Table. 1] The result is shown in Fig. 3 (a) with an experimental one. The peak of 511 keV seems to be a single detection peak of the annihilation photons that were produced mainly in the aluminum detector casing and the lead disks of the collimator. It was assumed that not many annihilation photons from outside the detector would enter the detector due to the surrounding thick lead blocks. The peaks around 75 keV and 85 keV are the contribution of the characteristic X-rays from the lead disks inside a collimator and lead blocks surrounding the detector. The calculated pulse height distribution is normalized to the measured one at a peak of 1,332 keV. Since the most part of the calculated pulse height distribution coincides with the measured one except for the fluctuations, the simulation appears to be in good agreement with the experimental data. The total count of the calculated pulse height distribution is about 98.7% of the experimentally measured one.[ Table. 2] This means that 98.7% of the detected photons were the primary photons of which energies were 1,173 keV and 1,332 keV or the photons scattered at the collimator. The other 1.3% of the mismatch between the measured and calculated pulse height distribution might be caused partly due to the uncertainty of the calculation, and partly due to the photons scattered at the surrounding materials. Figure 3 (b) shows the pulse height distributions measured for 137 Cs at SDD = 30 cm. There are strong peaks at 662 keV and 32 keV, and two peaks around 75 keV and 85 keV. The peaks at 662 keV and 32 keV were from the 137 Cs with relative weights of 0.85 and 0.13, respectively. The two peaks of 75 keV and 85 keV were from the contribution of the characteristic X-rays of lead disks or lead blocks as discussed earlier. The theoretically calculated pulse height distribution with the input of 85% of 662 keV photons and 13% of 32 keV photons was normalized to the 662 keV peak of the measured one. The comparison shows some discrepan- cies at the 75 keV and 85 keV peaks. The discrepancies seem mainly due to the imperfect duplication of the real experimental conditions. Because we used a collimator with a number of lead disks, each has a hole of 3 mm diameter at the center of the disk, a slight mismatch with the real experimental conditions seemed to cause the noticeable difference in producing the characteristic X-rays of the lead. The experimental and theoretical pulse height distributions of 152 Eu are compared in Fig. 3 (c) . The theoretically calculated one is normalized to the experimental result at the peak of 1408.02 keV. About 50 peaks for gamma-rays and X-rays in the energy pulse height distribution were considered in the calculation.[ Table 2 ] However, in the measured pulse height distribution only about 30 peaks were distinguished because of the weak strengths of many peaks. For the 207 Bi source in Fig. 3 (d) , the theoretical calculation normalized to the experimental result at the peak of 1,770 keV agrees well with the measured one except for the peak at around 1,633 keV, which is believed to be a sum peak of the 1,063.7 keV and 569.7 keV peaks. The peak around 1,250 keV seems to be appeared by single photon escape of the annihilation photons caused by the incident photons of 1,770 keV.
In all four cases of using the collimator, the simulated pulse height distributions with the EGS4 code showed good agreement in the shape of the envelopes with the measured ones for each radioactive source. The discrepancies between the measured and calculated pulse height distributions might be caused either by the scattered beam from the surrounding materials and an emitted radiation, mainly 40 K from the wall, that were not considered in the calculation, or by the uncertainties given from the calculation. Theses small discrepancies between two pulse height distributions suggest that the applied simulation system can be a useful tool for the study of particle transport in the area of either radiation detection or radiation protection.
Experimental Results from Sources in the Open Space and in the Irradiator, and Unfolding of Measured Spectra
As an application of the unfolding procedure, the pulse height distributions measured at SDD = 10 cm, 30 cm and 50 cm in the open space for the 60 Co and 137 Cs sources were unfolded. The results are given in Fig. 6 . In the measured pulse height distributions for the 60 Co source, the contribution of the two peaks of 1,173 keV and 1,332 keV to the total counts decreases as the SDD increases. This seems to be caused by the decrease in the solid angle for the incident photons coming from the radiation source while the contribution of the scattered photons does not change significantly. The count of the two peaks of 1,173 keV and 1,332 keV to the whole count with the SDD at 10 cm is about 16.8%, and it decreases to 15.1% and 13.4% at 30 cm and 50 cm respectively. However, in the unfolded spectrum of SDD = 10cm, the ratio of the two peaks is 91%. This means that 91% of the whole measured strength originates from the photons of which energies are 1,173 keV and 1,332 keV. The other 9% appears to be contributed mainly by the scattered photons from the surrounding materials, and partially by the uncertainty in the calculation. The ratio of a count of the 1,173 keV peak to that of a 1,332 keV peak in the measured pulse height distribution is about 1.15 for all three SDDs, whereas it is almost a unity in the unfolded spectra. This suggests that an almost equal number of photons with energies of 1,173 keV and 1,332 keV entered the detector as expected. As the SDD increased in the unfolded spectra, the ratio of contribution of the two peaks to the total count also changed drastically. This ratio becomes 85.5% at SDD = 30 cm, and 74.6% at SDD = 50 cm. On the other hand, the ratios of a count of the two main peaks to the total count in the unfolded spectra for the source in the open space appeared to be 5.4, 5.7 and 5.7 times greater than those in the measured ones at SDD = 10 cm, 30 cm and 50 cm respectively. The bump around 150 keV at SDD = 50 cm seems to be contributed mainly by the scattered photons from the surrounding materials, and it became more distinctive at a larger SDD due to the increase in the ratio of the background to the measured events. The relative uncertainties estimated using equations (5), (6) and (7) for 60 Co in the open space are about 0.8% at SDD = 10 cm, 30 cm and 50 cm.
In the measured pulse height distribution for the 137 Cs source, the sum of two peaks of 32 keV and 662 keV to the total count is 29%, 27.3% and 26.5% at SDD = 10 cm, 30 cm and 50 cm respectively. These are larger than those for 60 Co at the same SDD due to the detecting efficiency depending on the photons incident energy. But the ratios of the counts of the 32 keV peak to the 662 keV peak for all three cases are almost constant, at about 42% in the measured pulse height distributions, and 10.5% in the unfolded spectra. As the SDD increased, the number of count of the two peaks to the total count decreased similarly as in the case of 60 Co. In the unfolded spectra, the sum of two peaks of 32 keV and 662 keV to the total count is 80%, 79.4% and 67.6% at SDD = 10 cm, 30 cm and 50 cm respectively, which are 2.8, 2.9 and 2.5 times larger than those in the measured pulse height distributions. The estimated uncertainties for 137 Cs are about 0.4% at SDD = 10 cm, 30 cm and 50 cm. In the measured pulse height distribution with SDD = 10 cm, a strong bump is seen at around 440 keV, whereas it is very weakly observed at SDD = 30 cm, and not seen at all at SDD = 50 cm. This observation has to do with the electrons being emitted from 137 Cs, of which the maximum kinetic energy levels of 512 keV (95%) and 1,176 keV (5%), and the internal conversion electrons with discrete energies of 624 keV from K-shell and 656 keV from L-shell with a total frequency of 10%. 19) For small SDDs, some of these electrons traveled through the air and reached to penetrate the window of the detector, resulting in the transfer of some of their kinetic energy to the detector and thus contributing significantly to the measured pulse height distribution. To prove this phenomenon, the total detection efficiencies for the 624 keV electrons from K-shell at SDDs of 10 cm, 30 cm and 50 cm with the HPGe detector were calculated using the EGS4 code. The ratio of detected electrons with respect to SDD is presented in Fig. 7 . The detection ratio is noticeable at SDD = 10 cm and affected to the measured pulse height distribution considerably. However, it decreases drastically as SDD increases. For large SDDs, they seemed to give up most of their energy to the medium material before they arrived at the surface of the detector due to the large inelastic scattering cross sections in the air. This suggests that the contribution to the pulse height distribution by the electrons became less as the SDD increased, compared to that by the primary photons from the sources. Finally, the measured pulse height distributions at SDD = 100 cm for 60 Co and 137 Cs dummy sources in each irradiator were unfolded, respectively. The results are given in Fig. 8 with estimated uncertainties of 0.8% for 60 Co and 0.5% for 137 Cs. The broad peaks around 200 keV for both 60 Co and 137 Cs appeared to be contributed by photons scattered in a backward direction in the irradiator. These peaks are not observed distinctly in Fig. 6 , which shows the energy absorption distribution obtained from the source in open space. The weak peaks near 75 keV in the measured pulse height distribution are from the characteristic X-rays of lead and appear similar to those in the unfolded spectra. The contributions of the two main peaks to the total counts in measured pulse height distributions are 14.25% for 60 Co and 18.53% for 137 Cs, while 71.9% and 64.1% in the unfolded spectra. The ratios of a contribution of the two main peaks to the total count in the unfolded spectra were larger than those in the measured ones by the factor of 5.0 for 60 Co and 3.4 for 137 Cs. In Fig. 8 (a) , the ratio of the sum of the count Fig. 7 . Total detection ratios for the electrons of 624 keV from K_shell of 137 Cs using HPGe detector. The numbers in the parentheses are the percentages of the total detected electrons at different SDDs. Fig. 8 . Graphs of the measured and unfolded pulse height distribution for (a) 60 Co and (b) 137 Cs sources located inside an irradiator. The numbers of percentage represent a relative ratio of counts of the main peaks to the total counts. The uncertainty estimated for 60 Co source is about 0.1%, and for 137 Cs, 0.07%. of 1,172 keV and 1,332 keV peaks to the total count is similar to that of the pulse height distribution obtained with SDD = 50 cm in the open space, even though the solid angle of the front surface of the detector was reduced by one quarter. This tells us that the photons scattered from the surrounding materials that entered the detector were reduced to approximately a quarter, compared to those in the open space, due to the small size of the aperture of the irradiator. This situation is very similar to the 662 keV peak of Fig. 8  (b) , except that the 32 keV peak is not seen in a measured pulse height distribution. This seemed to be caused mainly by the thick plastic cap of the source container, in which most of the 32 keV photons might be absorbed or scattered.
SUMMARY
To check the validity of the simulation system, we measured the pulse height distributions from four radiation sources using a newly made collimator that prevented the beam scattered from the surrounding materials from arriving at the detector. The Gaussian distribution, rather than a single value at each bin, was adopted in the calculation to fit the peak to the measured one. The pulse height distributions calculated using the EGS4 code 13) were normalized to the measured ones at the strongest peak; a 1,332 keV peak for 60 Co and a 662 keV peak for 137 Cs. The envelope of calculated pulse height distribution showed good agreement with the measured one for each radioactive source with small discrepancies. The small discrepancies suggest that the applied simulation system may be a useful tool to the study in the area of radiation detection.
To unfold the measured pulse height distributions, the theoretical pulse height distributions were calculated using the EGS4 code for the incident photons entering the detector with kinetic energies from 20 keV up to 1,400 keV in 10 keV steps.
In the measured pulse height distributions of 60 Co in the open space, the contribution of the two peaks of 1,173 keV and 1,332 keV to the total counts decreases as the SDD increases. This seems to be caused by the decrease in the solid angle for the incident photons coming from the radiation source while the contribution of the background does not change significantly. As the SDD increased in the unfolded spectra, the ratio of contribution of the two peaks to the total count also changed drastically. In the unfolded spectra for 60 Co at SDD between 10 cm and 50 cm, the count of the two peaks of 1,173 keV and 1,332 keV to the whole count appeared to be from 5.4 to 5.7 times greater than those in the measured ones. The estimated uncertainties are about 0.8% at all SDDs.
In the unfolded spectrum for 137 Cs with SDD = 10 cm, a bump was seen clearly around 440 keV, whereas it was very weakly observed at SDD = 30 cm, and was not seen at all when the SDD was 50 cm. This seems to be caused by the electrons emitted from 137 Cs, which may have kinetic energy levels up to 512 keV (95%) and 1,176 keV (5%), and the internal conversion electrons with discrete energies of 624 keV from K-shell and 656 keV from L-shell with a total frequency of 10%. For small SDDs less than 10 cm, some of these electrons seemed to penetrate through the media of the detector and affected significantly to the measured pulse height distribution. The total detection ratio calculated with EGS4 code for the 624 keV electrons from K-shell shows that the ratio was noticeable at SDD = 10 cm, and decreased drastically at SDD = 30 cm and 50 cm. This suggests that the contribution to the pulse height distribution by the electrons emitted from the source at small SDD is significant and became less as the SDD increased, compared to that by the primary photons from the sources. In the unfolded spectra, the sum of two peaks of 32 keV and 662 keV to the total count is from 2.5 to 2.9 times greater than those in the measured pulse height distributions. The estimated uncertainties are 0.4% at all SDDs.
The pulse height distributions measured at SDD of 100 cm from the 60 Co and 137 Cs dummy sources located inside each irradiator were also unfolded with estimated uncertainties of 0.8% for 60 Co and 0.5% for 137 Cs. The broad peaks around 200 keV for both 60 Co and 137 Cs, which were not seen in the pulse height distributions measured in the open space, may be interpreted as the contribution from the photons scattered backwards inside the irradiator. In the unfolded spectra, the photons scattered from the surrounding materials were reduced to approximately a quarter compared to the pulse height distributions measured with a source in the open space, due to the small size of the aperture of the irradiator. The contributions of the two main peaks to the total counts in the unfolded spectra were 5.0 and 3.4 times larger than those in the measured pulse height distributions for 60 Co and 137 Cs respectively.
